Objectives: Thyroglobulin (Tg) measurements are used to monitor for residual thyroid tissue in patients with differentiated thyroid cancer (DTC) after thyroidectomy and radioiodine ablative therapy. In recent years highly sensitive Tg assays have been developed. In this study the analytical performance of the new Roche Elecsys Tg II assay was evaluated and compared with the well documented Access2 Tg assay (Beckman-Coulter). Design and methods: Analytical performance was examined using various Clinical and Laboratory Standards Institute (CLSI) evaluation protocols. Tg negative patient sera were used to establish an upper reference limit (URL) for the Elecsys Tg II assay. Results: Non-linearity, drift and carry-over according to CLSI EP10 and EP6 in a measuring range of 0.04-500 ng/mL were non-significant. Total precision according to CLSI EP5 was 10% at a Tg concentration of 0.08 ng/mL. A patient serum comparison performed according to a modified CLSI EP9 protocol showed a significant difference of a factor of approximately 1.4, despite using an identical CRM calibrator. The Elecsys Tg II assay measured Tg with a two-fold higher sensitivity than the Access2 assay. Finally, using human sera without Tg, an URL of 0.05 ng/mL was determined. Conclusions: In our hands the highly sensitive Elecsys Tg II assay shows a good analytical performance and a higher sensitivity compared to the Access2 Tg assay. An URL of 0.05 ng/mL for the Elecsys Tg II assay was determined which may improve the clinical utility of the assay for the detection of residual DTC or disease recurrence.
Introduction
Thyroglobulin (Tg) is a large glycoprotein (about 660 kDa) that is produced exclusively by thyroid follicular cells and therefore is widely used as a tumor marker in differentiated thyroid cancer (DTC) [1] . Depending on the stage of disease, DTC patients are treated by total thyroidectomy and lymph node dissection if necessary, sometimes followed by radioiodine
Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/plabm ablation [2] . Tg is measured to monitor patients after this ablative therapy for residual DTC during thyroxine (T4) replacement or, to increase the diagnostic sensitivity of the Tg measurement, after withdrawal of T4 or administration of synthetic TSH [2, 3] . Detectable Tg suggests persistence or recurrence of disease. Second generation highly sensitive Tg immunoassays are now available with improved analytical sensitivity and precision at low concentrations [4] . The term functional sensitivity or functional detection limit is defined as the concentration at which a between-run CV of 20% is observed, and is thus a measure of an assay's precision at low analyte levels (without considering bias) [5, 6] . It is a recommended parameter for Tg assay characterization and often serves as the reporting limit [7] . However, immunoassays are usually subject to positive or negative bias near the zero point and assay bias may invalidate decision limits of Tg assays [8] .
To circumvent this problem, we previously suggested the use of an upper reference limit (URL) that is based on the onesided (e.g. 99.9%) confidence interval of measurements in sera that are essentially free of Tg and, as such, takes assay bias into account if present [8] . This appears to be a better approach to determination of a decision limit of a Tg assay. To determine such confidence intervals, we measured Tg levels in patient samples selected from treated DTC patients who did not have clinical or imaging evidence of tumor, and who had undetectable serum Tg levels after stimulation with recombinant TSH.
Immunometric Tg sandwich assays may suffer from interference by Tg autoantibodies causing falsely low or negative Tg measurements [9] [10] [11] . These antibodies are detected at diagnosis in approximately 25% of DTC patients and, when present, may complicate Tg monitoring and management of these patients [12] . Guidelines recommend that every Tg test should be accompanied by a Tg autoantibody measurement to validate the Tg result [3] . In addition, quantitative Tg antibody measurements may have potential value as a surrogate post-operative DTC tumor marker in patients with anti-Tg autoantibodies [13] . Therefore, in this study the presence or absence of anti-Tg antibodies was noted in all human samples used in this study.
Roche s have developed a highly sensitive Elecsys Tg II assay and an Elecsys anti-Tg test. In this study we evaluated and compared the Elecsys Tg II assay with the Access2 Tg assay of Beckman Coulter, which is currently used in our laboratory [8] .
In addition, anti-Tg autoantibody interferences were examined by using the Roche s Elecsys anti-Tg assay. Finally, a clinical validation using Tg negative patient samples to assess possible assay bias and establish the reporting limit of the Elecsys Tg II assay was performed.
Materials and methods

Materials/patient samples
Patient samples were obtained from a patient population in our academic hospital which serves as a referral institute (level 1) for thyroid carcinoma. Patient samples were selected based on their Tg and anti-Tg values that had been measured previously by luminescence immunoenzymometric assay (LIEMA) (Access2, Beckman Coulter, Brea, CA, USA) and an inhouse assay for anti-Tg autoantibodies (see Methods section) [8] , respectively. Values in pmol/L were converted to ng/mL by dividing by a factor of 1.5, based on a molecular weight of 660 kDa for Tg. Blood samples were collected in serum gel tubes (Vacutainer blood collection tubes, Becton Dickinson, Franklin Lakes, NJ, USA) and serum was stored in plain tubes at -20°C until analysis. Samples were anonymized and only used for assay validation and method comparison and therefore approval by the Scientific Ethical Committee was not required. Unless specified otherwise, samples without anti-Tg autoantibodies were selected, as determined with our in-house anti-Tg assay. For most experiments Tg-positive patient samples were used, with Tg concentrations up to 7500 ng/mL (Access2, Beckman Coulter). To determine the URL of the Tg II assay, 12 Tg negative blood samples were selected from DTC patients who underwent complete thyroidectomy followed by radioiodine ablation between 2007 and 2013 (Group A). Blood samples from these patients were collected in 2013 or 2014. At this time these patients did not have clinical or imaging evidence of tumor, and Tg levels after stimulation with recombinant TSH were below the reporting limit of the Access2, and Elecsys Tg II assay (defined as 3 times the within-run SD of duplicate measurements in the lowest concentration range). A second group (Group B) of 10 Tg negative patients was selected from DTC patients who underwent complete thyroidectomy followed by radioiodine ablation between 2004 and 2013, in whom Tg levels before and after stimulation with recombinant TSH were below the reporting limit of the Access2 Tg assay of 0.13 ng/ ml [8] .
Methods
Samples were measured on a Modular E170 random access analyzer (Roche Diagnostics, Rotkreuz, Switzerland) according to the manufacturer's specifications. The following assays, calibrators and controls were used according to the manufacturer's instructions: Elecsys Tg II, Tg II CalSet, PreciControl Thyro Sensitive, Elecsys anti-Tg, anti-Tg CalSet, and PreciControl Thyro AB (Roche). In addition, in-house prepared serum pools were used as controls. A single lot number of all reagents was used for all measurements unless specified otherwise. Samples were measured on an Access2 random access analyzer (Beckman Coulter) according to the manufacturer's specifications, using the Access2 Thyg reagent pack, Access2 substrate, Access2 washbuffer II, Access2 Thyg sample diluent and Thyg calibrator set (Beckman Coulter). In-house prepared serum pools of patient samples were used as controls. The presence of anti-Tg autoantibodies was assessed by an in-house test in which patient serum is incubated with radiolabelled Tg, after which Tg tracer immune complexes, if present, are precipitated by 6.5% polyethylene glycol (PEG). Results are given in % of total tracer precipitated. For our in-house anti-Tg assay a 1.65% cut-off was established based on the 99.5th percentile of a population of 3000 patient samples (Bhattacharya analysis), which gives an optimal positive predictive value. This cut-off corresponds to the 60 U/L calibrator of the commercially available BRAHMS anti-Tg n RIA (1.9% precipitation in our in-house assay; data not shown), which is calibrated against the International Reference Preparation (IRP) MRC 65/93.
Protocols
A preliminary evaluation was conducted using the Clinical and Laboratory Standards Institute (CLSI; Wayne, PA, USA) protocol EP10-A3 where 10 samples with low (0.17 ng/ml), medium (234 ng/ml) or high (467 ng/ml) concentration Tg were measured in a predefined order on 5 consecutive days. Linearity was assessed by the CLSI EP6-A protocol. In short, five serum pools were prepared by adding low and high serum pools in 1þ3, 1 þ1 and 3þ 1 proportions and measured at random and in triplicate. A modified CLSI protocol EP5-A2 was used to investigate precision. Method comparison between the Elecsys Tg II assay and the Access2 Tg assay was performed according to a modified EP9-A2 protocol. The reference interval was verified consistent with CLSI protocol C28-A2. Interference testing of hemolysis, lipemia or icterus was performed according to CLSI protocol EP7-A2.
Calculations
EP Evaluator
TM (David G. Rhoads Associates Inc. Consultants, South Burlington, VT, USA; release 10) and GraphPad Prism software (GraphPad Software, Inc, La Jolla, CA, USA; version 5.03) were used. For the EP10 preliminary evaluation, the allowable total error (TE A ) was set at 20%, in line with the allowable total error for measuring Tg according to Westgard (21.9%) [14] . The allowable bias and coefficient of variation (CV) were defined at 5%, which is even lower than the desirable specifications for inaccuracy (10.4%) and imprecision (7.0%) according to Westgard. For EP6 linearity, the allowable nonlinearity was defined as 5% of the measuring range. EP5 protocols for Tg and anti-Tg were analyzed with the EP Evaluator complex precision module. For the calculation of the imprecision at the lowest Tg concentration of 0.08 ng/mL in the Roche assay, two (out of 15) measurements were excluded as outliers (of 43 standard deviations [SD]). EP9 data were analyzed with the alternative (quantitative) method comparison module. For verification of the reference interval (C28 protocol) three samples were excluded from analysis based on the presence of Tg autoantibodies, as measured with the Elecsys antiTg II assay. Comparison of dilution in either Multi Assay diluent or serum was analyzed using Graphpad Prism using a paired t-test. In order to assess Tg levels below the instrument's reporting limit of 0.04 ng/mL a supplementary calibration curve was constructed using Relative Light Units (RLUs) obtained in samples with levels slightly above 0.04 ng/mL. Since the RLU's were in a perfect linear relationship with Tg concentration, Tg concentrations below 0.04 ng/mL could be read from the extrapolated part of this curve. Since the measurements had been done in duplicate, the within-run SD at the lowest range could be estimated. From the extrapolated Tg concentrations the upper limit of the one-sided 99.9% confidence interval, h was adopted as the URL, and was calculated as mean value (¼bias) þ3.1 * SD, in which the SD value was calculated as √(SD 2 þ0.5*within-run SD 2 ) to convert into the total SD for single measurements.
Results
Analytical performance
In the preliminary evaluation by CLSI EP10 there was no significant intercept, slope, carry-over, nonlinearity or drift observed in the Elecsys Tg II assay (data not shown). Linearity of the assay was assessed in more detail using CLSI protocol EP6 covering in total a range of 0.04-500 ng/mL. In a lower range experiment (range 0.05-23 ng/mL) less than 5% nonlinearity was observed. In the additional EP6 experiment (range 0.07-474 ng/mL) non-linearity remained o5% for the extended range up to 500 ng/mL (data not shown).
Patients' samples with Tg levels exceeding the range of the calibration curve must be diluted sometimes up to a hundred fold for more reliable measurement. According to the manufacturer's instructions and Modular instrument settings, samples with a Tg concentration exceeding the upper measuring limit of 500 ng/mL will be automatically diluted 10-fold with Multi Assay Diluent. To assess whether dilution with diluent behaves identically to matrix-identical human serum, Tg was assayed in 8 patient samples with a Tg concentration higher than 400 ng/mL after manual 10-fold dilution in either Multi Assay Diluent or Tg negative serum. Significantly lower Tg values (up to 10%) in samples diluted with Multi Assay Diluent versus human serum were observed (Fig. 1) . Apparently, the Multi Assay Diluent shows non-specific matrix effects.
Evaluation of the within-run and total (within-run and between-day) precision performance of the Elecsys Tg II assay was performed according to an adjusted EP5 protocol in which four Tg pools were measured in duplicate during 15 days with low (0.08 and 0.73 ng/mL), medium (2.40 ng/mL) and high (66.5 ng/mL) Tg. The total imprecision (%CV) at these different Tg concentrations was 9.5%, 2.5%, 2.5% and 2.5%, respectively (Table 1) .
To examine possible effects of a change of reagent lot number on Tg results, 10 patient samples were measured with two different reagent lot numbers of the Elecsys Tg II assay. Samples with a Tg concentration below 1 ng/mL were highly comparable, with a non-significant slope of 1.006 70.072 and a non-significant intercept of À 0.02270.029 (data not shown). When samples with higher Tg concentrations up to 77 ng/mL were included, a significant slope was observed of 1.048 70.008 (with a non-significant intercept), which was considered clinically non-relevant and therefore an acceptable difference.
Method comparison
Tg results for patients' samples determined with the Elecsys Tg II assay and the Access2 Tg assay were compared. For this purpose, 50 patient samples were selected with Tg concentrations ranging from 0.09 to 430 ng/mL that did not contain antiTg antibodies, as measured by the Access2 Tg assay and in-house assay, respectively, as currently used in our laboratory. The samples were used for a single measurement with the Elecsys Tg II assay. A correlation coefficient of 0.99 and a significant slope of 1.53 with no significant intercept was observed (Fig. 2) . A subset of low concentration Tg samples (up to 1 ng/mL), yielded a correlation coefficient of 0.96 with a significant slope of 1.34 without a significant intercept (Fig. 2, insert) . These results indicate that the Elecsys Tg II assay measures Tg by a factor of approximately 1.4 higher in comparison with the Access2 assay.
In addition, the Tg 95% reference interval specified by the manufacturer was verified according to CLSI protocol C28, by measuring Tg concentration in 65 subjects deemed to be healthy selected from the laboratory's patient population (29 men and 36 women, age range 21-60 years). Measured Tg levels ranged from 3.2 to 57.5 ng/mL. As specified by the protocol, less than 10% of the results appeared outside the manufacturer's reference interval of 3.5-77 ng/mL, verifying this interval (data not shown). Table 1 Imprecision of Elecsys Tg II assay at four different thyroglobulin (Tg) concentrations. The within-run, between-day and total (within-run and between-day) imprecision is expressed as standard deviation (SD) and coefficient of variation (CV). 
Interferences
According to the manufacturer's instructions the Elecsys Tg II assay is unaffected by icterus (bilirubin o1128 μmol/L), At all concentrations tested, differences in Tg concentration between spiked and unspiked serum were less than 10% suggesting no relevant interference effects of icterus, hemolysis or lipemia on the Elecsys Tg II assay (data not shown).
In general, the most important analytical interference for Tg immunoassays is caused by the possible presence of autoantibodies against Tg, which can falsely lower Tg results in immunometric assays [9, 10, 15] . Therefore, a Tg measurement in a patient's sample should always be accompanied by measurement of anti-Tg antibodies [3] . The analytical performance of the Roche Elecsys anti-Tg immunoassay was investigated in human serum according to an adjusted CLSI EP5 protocol in which 4 different samples containing antibodies against Tg (with concentrations within the measuring range of 10-4000 IU/mL) were analyzed in duplicate during 15 days. The measured total (within-run and between-day) imprecision (CV) of two serum pools with anti-Tg levels of 47 IU/mL and 544 IU/mL was 15.2% and 5.2%, respectively, and of the Roche PreciControl thyro AB1 (47 IU/ml anti-Tg) and AB2 (152 IU/ml anti-Tg) 16 .9% and 8.2%, respectively (Table 2) . Notably, on the Levy-Jennings plot a significant (p o0.001) shift in results was observed incidentally after changing the reagent pack (with identical lot number) (data not shown), contributing to the above mentioned imprecision. From these precision data one can estimate that the limit of quantitation (20%CV) lies around 26 IU/mL. Furthermore, the Roche Elecsys anti-Tg assay was compared with our currently used in-house anti-Tg assay. The Roche assay has been standardized against IRP MRC 65/93, and recommends a threshold value of 115 IU/mL corresponding to the 94th percentile of anti-Tg measurements in healthy, euthyroid subjects. This recommended cut-off level for a 'positive' antiTg is mainly set for diagnosing autoimmune thyroid disease. For comparison of both anti-Tg assays, anti-Tg antibody-positive 
Table 2
Imprecision of Elecsys anti-Tg II assay at four different anti-Thyroglobulin (anti-Tg) concentrations. The within-run, between-day and total (within-run and between-day) imprecision is expressed as standard deviation (SD) and coefficient of variation (CV). patient samples (as determined in our in-house assay) with measurable Tg were selected to measure anti-Tg antibodies with the Elecsys anti-Tg assay. In 17 out of 40 samples anti-Tg levels were below the level of 115 IU/mL in the Roche method (25-96 IU/mL; Fig. 3A) . Notably, the ratio of Tg measured in the Roche and Beckman methods in these 17 samples was significantly higher than the ratio in antibody-negative samples and not different from the Tg ratio in the remaining 23 samples that were anti-Tg positive by both methods (Fig. 3B) . These results suggest the need to use different cut-off values for either detecting autoimmune thyroid disease or for detection of Tg autoantibodies that potentially affect Tg assays. Tg (ng/mL) Fig. 4 . Assay bias and upper reference limit of Elecsys Tg II assay. Tg negative patient samples were measured using the Elecsys Tg II assay or Access2 Tg assay. Extrapolation of RLU data was used to calculate Tg concentrations below the detection limits of both assays.
Upper reference limit of Tg
To investigate possible assay bias and establish the upper reference limit of the Elecsys Tg II assay, sera from 12 Tg negative patients (Group A) were measured. As expected, all values were below the reporting limit of the assay ( o0.04 ng/mL). By extrapolation from a secondary standard curve the reported RLU were converted to Tg concentrations. A non-significant bias of À 0.008 ng/mL was calculated (Fig. 4) . The calculated URL from these measurements was 0.052 ng/mL. Similar results were obtained when 7 of these samples were measured using a different lot number of assay reagent. The data were further verified in a different run using a second group of 15 Tg negative patients (group B). Calculating Tg levels in samples of these patients (using a new secondary standard curve) showed a small but statistically significant bias of À 0.017 ng/mL (P ¼0.006) and an URL of 0.054 ng/mL (data not shown). Thus, measuring Tg negative patient samples with the Elecsys Tg II assay in different runs either a small or undetectable negative bias and a maximum calculated URL of 0.054 ng/ml was observed.
Discussion
In this study the second generation Elecsys Tg II assay was examined. In a preliminary evaluation according to CLSI protocols EP5, EP6, EP7 and EP10 no deviations were found. Dilution in Multi Assay Diluent demonstrated up to 10% lower values compared to dilution in Tg negative serum. Dilution in Multi Assay Diluent can be performed automatically by the random access analyzer and one can argue that a consistent 10% difference in Tg value at this concentration can be considered clinically irrelevant. Multi Assay Diluent may be used for (automatic) dilutions up to 10 fold, and (if necessary) Tg negative serum should be used for higher (manual) dilutions. In accordance with the manufacturer's literature, no significant interference by hemolysis, bilirubin or lipemia was detected. Furthermore, no relevant lot to lot variation was observed when testing one additional different lot number of the Elecsys Tg II assay. Analysis of the assay imprecision demonstrated a total CV (%) of 9.5, 2.5, 2.5 and 2.5 at Tg levels of 0.08, 0.73, 2.40 and 67 ng/mL, respectively. These values are lower than the values claimed by the manufacturer (4.5% and 5.9% at Tg concentrations of 1.10 and 0.3 ng/mL, respectively), although a CV below 0.3 ng/ml is not specified, and lower than the allowable total error for measuring Tg according to Westgard of 21.9% [14] .
Evaluation of the Elecys Tg II assay was continued with a CLSI EP9 protocol to compare (anti-Tg antibody-negative) patient samples between the Access2 Tg and Elecsys Tg II assays. Interestingly, a difference in the results was observed of approximately factor 1.4 (varying from factor 1.3 for Tg concentrations up to 1 ng/mL, to a factor 1.5 for Tg concentrations up to 439 ng/mL) between the two methods, with the Elecsys Tg II assay reporting higher values. Both assays use calibrators that are standardized against Certified Reference Material (CRM) 457 of the Community Bureau of Reference (BCR) of the European Union [16] . Measurement of the Elecsys Tg II assay calibrators with the Access2 Tg assay and vice versa resulted in differences in Tg values (data not shown), demonstrating non-commutability. Thus, despite the use of certified reference materials, results from various immunoassays can differ from one another, most likely due to different sources and nature of the kit calibrators, the heterogeneity of the analyte and different sets of antibodies with different specificities towards Tg isoforms that are used in each assay. This is further exemplified by a comparison study of various Tg assays (immunoassays, RIA and mass spectrometry) [17] . In light of this observed difference it is important to stress the importance of using the same immunoassay when monitoring individual patients over time, as recommended by the American Thyroid Association guideline [2] . Because of heterogeneity of Tg in individual patients, all patients should be re-baselined when switching Tg methods [2] .
Since guidelines mandate that immunometric Tg measurements for follow up of DTC patients are accompanied by quantitative anti-Tg measurements, the Elecsys anti-Tg assay was evaluated and compared with our in-house anti-Tg method. It is known that different anti-Tg assays display wide variability [12, 15, 18] . For comparison of both anti-Tg assays, anti-Tg antibody-positive patient samples (as determined in our in-house assay) with measurable Tg were selected for measurement of anti-Tg antibodies with the Elecsys anti-Tg assay. Results were categorized according to anti-Tg result, and the ratio of Tg measured by the Roche and Beckman methods was depicted. Notably, the ratio increased in samples which were positive for anti-Tg suggesting less interference in the Elecsys Tg II assay by anti-Tg. Furthermore, in 17 out of 40 samples anti-Tg levels were below the level of 115 IU/Ml in the Roche method, whereas the Tg ratio in these samples did not differ from the ratio in anti-Tg positive samples. This observation, added to the fact that these samples were anti-Tg positive in the in-house assay, suggests the presence of interfering auto-antibodies in these samples also. This underlines the need for a lower cut-off level than that used for diagnosis of autoimmune thyroid disease in order to avoid such high falsenegative rates. Based on the estimated limit of quantitation and comparison with the in house anti-Tg assay a reporting limit of 26 IU/mL is proposed, which is in line with the functional sensitivity of this assay reported by others [19] .
For the monitoring of DTC patients, the sensitivity of the Tg assay used is of utmost importance, since detection of Tg indicates remnant or recurrence of functional thyroid tissue, which may guide clinical decisions. Immunoassays can be subject to positive or negative bias near the zero point, which may invalidate decision limits of the assay [8] . Therefore, we decided to investigate the URL of the Tg assay by assessing the confidence interval of Tg negative patient samples, as previously described [8] . Using two groups of Tg negative patients the Elecsys Tg II assay showed no or a very small negative bias and a calculated 99.9% confidence limit of up to 0.052 ng/mL. Since all measurements were performed in duplicate, the within-run SD (analytical variation) at the utmost lower range could be estimated. This SD was lower than the SD of the group of Tg negative samples, suggesting the presence of an additional, sample-dependent factor. Comparison of the estimated within-run SD of a sample with very low Tg levels between the Elecsys Tg II (SD 0.0116 ng/mL) and Access2 (SD 0.0185*1.3 ng/mL; personal communication with author of [8] , and corrected for a slope of 1.3 as observed in the EP9 comparison), suggests that the Elecsys Tg II assay can measure Tg with a 2-fold higher sensitivity. This improved sensitivity of the Elecsys Tg assay may possibly avoid the need for TSH stimulation for Tg monitoring in DTC patients [4, 11] .
Conclusion
In our hands the second-generation highly sensitive Elecsys Tg II assay shows good analytical performance and a higher sensitivity in comparison with the Access2 Tg assay. An URL of 0.05 ng/mL for Tg negative patient samples was determined, which may contribute to a clinical decision point concerning residual presence or recurrence of DTC.
